Acute hemodynamic effects of adjustable atrial septal defect closure in the lateral tunnel Fontan procedure  by Harare, Bilal et al.
]ACC Vol. 23, No . 7
June
1994:
167 1-6
Acute Hemodynamic Effects of Adjustable Atrial Septa! Defect Closure
in the Lateral Tunnel Fontan Procedure
BILAL HARAKE, MD, FACC, MICHEAL A . KUHN, MD, JAY M . JARMAKANI, MD, FACC,
HILLEL LAKS, MD, FACC, YASSER AL-KHATIB, MD, FACC, AMIR ELAMI, MD,
ROBERTA G. WILLIAMS, MD, FACC
Los Angrles, California
Objerires . This study evaluated the acute hemodynamic
changes with atrial septal defect closure in in, postoperative
period in patients undergoing the Fenton procedure .
Rackgrrund. The adjustable atrial septai defect is a mcri nea .
lion of the Fusion procedure de :igmed to Improve cardiac output
and reduce systemic venous hypertension during the postoperative
period
. Limited information is avalahle on the effects of inter
.
atrial shwlting on the physiology of dimt cavepulmmtary connec-
tion,
Method's. In II patients (aged 9 months to 115 years), file
atrial septal defect was closed 8 h to 4 .6 days Cavan 1 .7 days)
postoperatively . Indications for closure Included mean right atria]
pressure <15 mm Hg or arterial oxygen saturation <80%, or
both .
Results . Data presented are mean values 3 I SD. Mean right
atrial pressure
was 13
.4 t 3,0
mm Hg on admission to the
Intensive rue unit. 10.0 s 2.0 mm Hg (p = 9.02) immediately
before eloserrs and 11
.4 ± 2.8 mm I1g (p = 0.02) after closure
.
The Fontan procedure is performed to separate the systemic
and pulmonary venues circulation in patients with a func-
tionally unventricular heart, thus resolving the chronic
cyanosis and volume overload
(I)
.
The hemodynamic palli-
ation achieved with this operation is accompanied by sys-
temic venous hypertension and reduced exercise tolerance
as a result of the absence of an effective subpulmonary
ventricle (2). The soccess of this procedure depends an a low
pulmonary vascular resistance and good systemic ventricu-
lar function to provide adequate cardiac output and avoid
excessive systemic venous hypertension . With recent tech-
nical advances and improved myocardial protection, more
patients with complex cardiac lesions, previously considered
unacceptable candidates, are under
g
oing the Fontan proce-
dure (3-5). Furthermore, greater risks may be involved in
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There was a significant decrease in cardiac output, as catoutated
from srterioveneas oxygen saturation difference (26 S 9%, p =
0.003), Doppler aortic flow (19 t 9%, p = 0,002) and ventricular
volumes by two-dimensional
echocardiography
(20 t 8%, p =
u,000I(
. Arterial oxygen satarattnn Increased from 82 t 5% in
94 t 4% (p = 0 .0001), and arteriovenons oxygen saturation
difference increased from 25 t 8% to 33 s 4% (p = 9 .0005) .
Systemic oxygen delivery decreased from 727 t 354 to 655 t
325 mtlmin per m' (p = 0,02). One patient required reopening of
the atriai septal defect .
Concfaoioas, Then data demonstrate that a controlled right to
left ntrial shunt Improves cardiac output and systemic oxygen
delivery and facilitates the postoperative management of patients
after the Fontan procedure . Atrial septal defect closure increases
systemic saturation to
normal
values and presents potential
systemic emttotiaattoa but sign)ftcanlly decreases oxygen delivery
and might limit exercise tolerance,
(1 Am Colt Cerrdiol 1994;23:1677-6)
patients requiring additional concomitant intracardiac pro-
cedures, such as atrioventricular valve repair or replace-
ment, repair of anomalous pulmonary venous drainage,
reconstruction of pulmonary arteries or relief of ventricular
outflow obstruction (6) . During the early postoperative }e-
liod, elevated pulmonary vascular resistance and reduced
ventricular function may result in low cardiac output and a
poor outcome
(7,8). To avoid excessive systemic venous
hypertension and to preserve cardiac output . Laks et al .
(9 .10) proposed the use of a controlled right to left interatrial
shunt . A snare was used to control the size of the atria)
septal defect after discontinuation of cardiopulmonary by-
pass
. It was calculated that a right to left shunt equal to
one-third of the systemic venous flow would only reduce the
arterial oxygen saturation to 85%, which is well tolerated in
the cyanotic patient. Elevated right atria) pressure may be
the resuit of a reactive pulmonary vascular bed or impaired
ventricular function, both of which usually improve in the
postoperative period, at which time closure of the interatrial
communication is better tolerated .
Since 1987, -70 patients undergoing the Fontan proce-
dure at the University of California Los Angeles Medical
Center have had an adjustable interatrial communication
0795- xxv,04:57 .W
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Table L Clinical Profile and Risk Factors of Study Patients
Segmental cardiac anatomy is shown in
parentheses
in the following order:
vin-trial
aims (S = tolims : I = iaversus: A = ambiguous); vmrricular mop
In = normal : L = ion an d); aortopulmonary artery relation (D = rightward
; L =
kawardI . AVV = atnoventricular
valve;
BTS = Blatock-Taussig shunt ;
CE =
aortopulmonary collateral embolization ; COA =
economics of
the estate ;
DILV = double-ink) left ventricle : EDP = ventricular endwiastolic pressure ;
F=female; Glenn = cavopulmmuyareowaa sis ; HLHS= hypoptaak left bun syndrome; IVS -intact ventricular septum ; M - male ; Nmwad 1- first-stage
palliation; PA = pulmonary mresa ; PAB - pulmonary artery boding ; PAP -
pulmonary artery pressure ;
PS
- pulnmmury nonosis
; Pt -
patina : RV = right
ventricle ; TA = tricuspid atresa; TGA = transpoailion of the great arteries .
incorporated into the repair (10-12) . Other investigators
(13,14) have described a modified Fontan repair using fen-
estration of the intraatrial baffle, which was closed several
days to a few weeks after surgery using a transcatheter
occluder device
. This study assesses the changes in cardiac
output and oxygen delivery resulting from partial or com-
plete closure of the interatrial communication in the early
postoperative period. The study does not include patients
with defects that were closed in the operating room or those
who were discharged home with the defect open . We by
pothesized that after initial hemodynamic stabilization, com-
plete closure of the atria) septal defect can be performed
without a significant impairment in oxygen delivery and still
be tolerated with improved oxygen saturation and minimal
increase in systemic venous pressure .
Methods
Study patients. Between February and October 1991, 21
patients underwent a modified Fontan procedure at the
University of California Los Angeles Medical Center
. Nine-
teen of these patients had an adjustable atria] septa) defect
incorporated into the Fontan repair . The atrial septal defect
was initially test occluded in the operating room
. If the right
atrial pressure remained < 15 mm Hg, the defect was com-
pletely closed . In five patients, the communication was
completely closed in the operating room . Two patients were
discharged with the defect open because of pleural effusion.
Both patients had their defects closed 5 months later, when
the effusion had subsided . One patient died in the hospital
from ventricular dysfunction 15 days after surgery and had
an intcratrial communication still open . The remaining 11
patients (aged 9 months to 14 .5 years) constitute the study
population and had the defect closed in the intensive care
unit
. Table I outlines the diagnosis and risk factors in these
patients. The closure of the atrial septa) defect was per-
formed as previously described by Laks et al . (9,10)
.
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Data
collection.
Hemodynantic and echocardiographic
data were collected within I h before and I h after closure of
the atrial defect. During data acquisition, patients were
maintained on the same ventilatory and pharmacologic sup-
port, and no additional fluid boluses were administered .
Hemodynamic data. All patients had right mrial, left
atria] and arterial pressure lines . Heart rate, systolic and
diastolic blood pressures and right and left mean atria)
pressures were recorded. Arterial and right atrial venous
blood gases were obtained before and after closure of the
atrial septal defect.
Two-dimensional echocardiogram . All patients were
studied in the supine position. Imaging and Doppler signals
were obtained with a 12g-channel phased-arty sonographic
system (Acuson) using a 5-MHz transducer. Apical views
were obtained, and images of the ventricular chamber re-
corded in two orthogonal planes .
Doppler recording. DoC~sler interrogation of aortic flow
was obtained from the apical view using continuous wave
Doppler . With simultaneous two-dimensional imaging, the
ultrasound beam was directed parallel to the ventricular
outflow tract-aortic axis, and the sample volume positioned
along the coaptalion point of the aortic valve leaflets . Gain
was minimized and adjusted until the spectral envelopes
were complete and well defined to the baseline . Doppler flow
signal across the pulmonary valve was used in patient 7, who
underwent a D amus-Stansel-Kaye procedure .
Color Doppler
. Color Doppler
flow
mapping was per-
formed using the apical or subxyphoid views to visualize and
interrogate the intraatrial baffle . Atria] shunting was detected
when abasing right-to-left flow was observed through the
Gore-Tex baffle.
Cardiac output. Oxygen saturation. Changes in cardiac
output were calculated using the Fick principle. We assumed
oxygen consumption and considered that oxygen
consump-
tion
and hemoglobin concentration were constant during the
study. Changes in systemic oxygen delivery were calculated
PI No ./Gender Age (yr) Gzgnosa Previous Procedure Risk Factor
I/M 1 .5 TA. PS BTS, CE PAP 15
mm Hg; AVV repair
21M 1 .7 TGA Is, L. L) PAB, CE Ventricular wall motion ablrormatay
3/M 2 .1 TGA (S, L, L). D ILV. PA STS Pulmonary artery raonnerarion: EDP 16 mm Hg
4/M 3 .9 TGA (A. L . L), PS Nore AVV repair ; aspleaa
5/F 5 .6 TGA (S . L. L). DILV PAB, Glenn PAP 15 mm Hg; AVV repair
6/P 5.5 NLHS Noewood 1, Glenn Pulmonary ssry reconstruction, RV morphology
7/F 1 .6 TGA (S . L, LI, DILV, COA COA repair. PAB Pulmamry artery ramstruction : endow obstruction
g/M 14 .5 TGA (S . L, L). DILV. PS BTS Pulmonary artery
-1-time
9/M 0.8 TGA (S . L. I.I. DILY, PA BTS Age 9 months
Io/M 4 .0 PA, DVS BTS, Glenn Hisloy of cbylothoeax and RV-coronary emnations
I IPot
3.4
TGA
(S . L, D)
. DILV
PAIR,
atria) sepredany
Pulmaury artery reconstruenon
from the product of cardiac output multiplied by arterial
oxygen saturation. The right to left shunting before attial
septa) defect closure was estimated using the Fick method
and assuming that left atrial oxygen saturation was equal to
arterial oxygen saturation after complete closure of the atria(
defect
.
Ventricular volume . Ventricular volume was measured
from two-dimensional apical views using the Simpson rule
and area-length method for right and left ventricles, respec-
tively (15,16). Hypoplastic ventricles and outflow chambers
were not included. In each patient, the same acoustical
window, transducer position and gain were used before and
after closure of the atrial defect
.
Doppler interrogation . The Doppler technique provides
a measure of cardiac o .ttput as estimated from a sample
volume of aortic blood flow (17-19). Because only the
changes of cardiac output were calculated, and to minimize
our error, aortic cross-sectional area was not measured .
Continuous wave Doppler recordings were traced using the
outer contour of the envelopes, and three consecutive cycles
were averaged for each study.
Interobsener variability. Two-dimensional echocardio-
graphic ventricular volumes and Doppler spectral envelopes
were traced by the principal investigator and by an experi-
enced echocardiographer unaware of
the status of the pa-
tient
. Differences of measurements of ventricular volumes
were <10% . and differences of velocity-time integral by
manual tracing of Doppler envelopes were <6%
.
Statbtkal analysis.
All statistical calculations were per-
fanned on an IBM computer using MiscroSoft Excel 4.0
Analysis Tools (MicroSoft, Inc .). All data were expressed as
mean values ± I SD . Statistical comparisons of the hemo-
dynamic and echocardiographic changes before and after the
closure procedure were performed using the paired two-
tailed Student t test. Changes in mean cardiac output among
the three methods were compared using an analysis of
ASD =atrial sepal defect ; ICU = intensive care unit ; LA - lc0 atrjal pressure : 0, Sat = o .ggen sauralion: Pt = patiem
;
RA = right 0dal pressure.
variance F test, and all pairwise comparisons between group
means were conducted using the Tukey studentixed range
distribution (20) .
Results
The hmodynamic data before and after snaring of the
atrial septal defect are shown in Table 2. There was a
significant decrease in mean right atrial pressure from 13 .4 t
3 .0 mm Hg in the immediate postoperative period to 10 .0 ±
2 .0 mm Hg before closure of the defect (p = 0
.02), The atrial
scptal defect was closed 8 h to 4 .6 days (mean 1 .7 days)
postopcratively under local anesthesia in the intensive care
unit . With an open interatrial communication, the mean right
to left shunt was 34 ± 11% . After atrial septa) defect closure.
coin, Doppler showed only trivial residual right to left
shunting in two patients
. The mean right atrial pressure
ranged from 7 to 12 mm Hg (mean 10 .0 ± 2 .0 met Hg) in
indinidnal patients but was stable for each patient for a
period of 6 to 21 h (mean 8 ± 4.5 h)
. Hemodynamic changes
resulting from complete closure of the interatrial communi-
cation are shown in Figure I . After complete closure of the
communication, there was a minimal increase in mean right
atrial pressure aJ 11 .4'- 2.8 mm Hg (p = 0.02). The increase
in mean left atria) pressure from 5 .4
t
2 .2 to 5 .9 t
2 .3 mm Hg was riot significant
. Arterial oxygen saturation
increased from 82 t 55% to 94
t 4% (p = 0.000l( . Mixed
venous oxygen saturation increased from 57 a 10% to 62 t
9% (p - 0 .003). The arteriovenous oxygen saturation differ-
ence increased from 25 *_ 8% to 33 ± 9% (p = 0.0001)
. There
was no statistical difference between the mean values of
cardiac output calculated by these three methods either
before or after atrai sepml defect closure . However, cardiac
output decreased after atria) septa) defect closure in all
patients
. The mean decrease 'It, cardiac output was calcu-
lated by the sick method (26 ± 9% . p = 0 .003), Doppler
JACC Vol .23, No. 7
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Table 2 . Aserage Pressure and Oxygen Saturation in the Initial, Postoperative 2 h and Before and After ASD Closure
Initial 2 h in ICU Open ASD Clmed ASD
RA
	
LA RA LA RA LA 0, Sal
Pt No. (mm
Hit
(mm Hg) 1- Hg) (mm Hg) (mm Hg)
(mm Hg)
15
794
I 9 8 85 7 4 9;
I to
9
8' 10 5 93
3 15 12 71 14 9 89
4 11 7 II 80 (I 10 97
5 I8 12 83 3 92
6 15 6 9 85 12 99
7 17 4 12 E0 IS 97
8
12 9 7 83 11 98
9
12 12 6 86 14 92
10 12 11 6 81 12 97
11 16 12 N3 94
Mean 13.4 6.7 100 5.5 82 5 .9 94
tSD ^-30 02.7 _2 .0 x2.8 _-.2 z4
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aortic flow (19 -t 9%, p = 0
.0002) and two-dimensional
echocardiography (20 ± 8%, p = 0 .0001)
. There was no
significant change in heart rate or systemic blood pressure .
After atrial septal defect closure, mean cardiac index, cal-
culated from echocardiographic ventricular volume mea-
surement, decreased from 3 .91 ± 1 .71 liters/min per rat
(range 2.0 to 7 .3) to 3.11 ? 1 .52 liters/min per in' (range 1
.32
to 6 .24) (p < 0.001). Mean systemic oxygen delivery de-
creased from 727 -_ 354 to 655 ~ 325 ml/min per m2 (p =
0
.02) .
In Patient 8 (Table 1), because of a significant increase in
right atria) pressure after partial closure on the third postop-
erative day, complete closure of the atria) septa) defect was
delayed and successfully performed on the fifth postopera-
tive day, resulting in a mean right atrial pressure of
15 mm Hg and arterial oxygen saturation of 97% . If Patient
8 is removed from the analysis, the mean cardiac index
would be 4 .18 ± 1 .65 liters/min per m2
before atrial septal
defect closure and 3.37 ± 1,44 liters/min per m2 (p
< 0 .101)
after closure . Oxygen delivery decreased from 785 ± 337 to
713 ± 324 ml/min per m
2 (p = 0.04) . There were no technical
difficulties, infections or ether complications associated with
closure of the atria) septa] defect .
Discussion
Limitations of hemodynamic assessment
. !n all three
methodologies of flow calculation, there are obvious limita-
ten AIr101 Pressure
AV02 oitte,en<e
POST
POST
lions. Estimation of pulmonary venous saturation and the
assumption of oxygen consumption will produce error in the
Fick cardiac output
. However, calculation of Fick cardiac
output before and after atria) septal defect closure was done
within 15 min. Therefore, it is unlikely that significant
changes in pulmonary venous saturation and oxygen con-
sumption occurred over this time period. Variability in
ventricular anatomy in patients undergoing the Fottan pro-
cedure and the traos0thoracic drainage tubes limits the accu-
racy of ventricular volume calculation from two-dimensional
echocardiography. We used the Simpson rule and the area-
length method for anatomic right and left ventricles, respec-
tively
. Although the absolute values might not be very
accurate, the directional changes in an individual patient are
very reliable.
In our study, the heart rate and aortic pressure were
similar before and after atrial septal defect closure . How-
ever, cardiac output was significantly less after closing of the
atrial settled defect . This indicates that aortic diameter might
have been slightly less after atrial septal defect closure
. The
flow velocity at the aortic valve is determined by the aortic
valve area, which is relatively constant . Therefore, contin-
uous wave aortic Doppler interrogation could be used to
depict significant changes in cardiac output, as demonstrated
by Moulinier et al . (17) . Measurement of cardiac output by
those three methods showed a decrease in each patient,
which indicates that the decrease in cardiac output is un-
equivocal in this patient population.
JACC
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Figure 1
.
Acute hemodynamic
changes before (PRE) and after
(POST) complete closure of the ad-
justable atial septa) defect (n =
Ii). Each patient showed an in-
crease in arterial oxygen saturation
and arteriovesous oxygen satura-
tion difference (AV02) .
IACC Vol. 23, No. 7
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Effect of patient selection, We did not attempt early
postoperative atria) septa) defect closure in patients consid-
ered at preoperative evaluation to have high risk (elevated
pulmonary vascular resistance, systolic or diastolic ventric-
ular dysfunction or arrhythmia) . The patients selected had
small risk factors for repair (Table
b .
and right atrial
pressure was ~ 15 mm Hg after intraopemtive test occlusion .
This study was designed to explore the advantages of
an
early interetrial communication in the acute postoperative
period and determines the effect of atrial septal defect
closure on the patient's hemadynamic status .
Hemodynamic data
. All patients included in this study
had right atrial pressure >15 mm Hg at the end of surgery,
and, therefore, atrial septa) defect closure was not indicated
at that time . It is interesting that right atria] pressure
decreased to 13 '- 3
mm Hg after closing of the chest and
decreased further to 10 ± 2 mm Hg within I to 4 days
postoperatively . This indicates that U the interatrial commu-
nication decompressed the right atrium and prevented sys-
temic venous hypertension, and 2) although the right to left
shunt decreased aortic saturation and oxygen content, car-
diac output and systemic oxygen delivery were both higher
than they would have been with the atrial septal defect
closed . These data suggest that open heart surgery tran-
siently increases the pulmonary vascular resistance . and the
early postoperative interatrial communication minimizes the
effect ofthese changes on the patient's hemodynamic status
.
Although atrial septal defect closure increased aortic
saturation to near normal values, both cardiac output and
oxygen delivery decreased significantly
. Thus, the benefits
of
increasing aortic saturation and preventing potential sys-
temic embolization are achieved at the price of a lower
systemic perfusion and lower oxygen delivery . Early post-
operative atria) septal defect closure in this study had similar
effect to that shown by others. Bridges et al . (13) demon-
strated that transcatheter atria] septal defect closure per-
formed
-10 days postoperatively resulted in a mean de-
crease in cardiac output of 21%. Using a similar technique,
Hjjazi et al . (14) reported a 24% decrease in cardiac output at
a median interval of 32 days after surgery
. Although timing
of
closure was much earlier in our study, the decrease in
cardiac output was comparable to that shown in these
previous reports . The potential benefits
of atria) septal defect
closure might be insignificant compared with the significant
decrease in cardiac output and oxygen delivery . The pa-
tient's tolerance for exercise and daily activities with and
without the atrial septal defect open remain unknown
.
Ceoelaslons
. This study focuses on the acute hemody-
namic changes caused by snaring of the adjustable atrial
septal defect in patients with the lateral tunnel Fontan
operation . After the Fontan procedure, many factors con-
tribute to the immediate postoperative instability of these
patients
. Lung compression, myocardial edema and a sud-
den decrease in ventricular chamber size all contribute to the
elevation of pulmonary vascular resistance
. The adjustable
interatrial communication has become a useful tool in the
HARAKE ET AL .
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stabilization of the cot . :tion
of
these patients. We found that
closure of the atrial septa) defect in these patients was
tolerated but is associated with a reduction in cardiac output
and ox
, ;en delivery . In one patient, this reduction was
significant enough to require ensnaring of the adjustable
interatrial communication. These data provide insight into
the interdependence of systemic venous return, cardiac
output and oxygen delivery
. Even in ideal patients, there is
a reduceica in cardiac output when the pulmonary and
systemic circulations are separated . Although the high risk
Fonmn procedure patient may benefit from the presence
of
an interatreal communication, it is not clear how these data
will impact late postprocedure physiology . When these
findings are compared with later data, including late atrial
septal defect closure, we may get a glimpse of early adapta-
tion to the early adaption to the physiology of a first
cavopulmonary connection.
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